Introduction
Macrophages not only mediate inflammation during infection but also suppress immunity during inflammation resolution (1) and promote immune escape within tumor microenvironments (2) . The functional plasticity of macrophage phenotypes is largely influenced by the surrounding milieu. Viruses and bacteria activate Toll-like receptor (TLR) signaling to drive NF-κB and favor macrophage release of iNOS, TNF-α, and IL-12 to support Th1 immunity, while Th1-associated IFN-γ activates STAT1 to support effector T cell responses. Conversely, humoral cytokines IL-4/ IL-13 and IL-10 secreted from tumor cells stimulate macrophages to release IL-10, TGF-β, and arginase 1. Simultaneous activation of STAT6, STAT3, and matrix proteases further supports tissue remodeling and Th2 immunity (3) . Whether, and how, to target maturation pathways to control the plasticity of myeloid cell differentiation and macrophage phenotypes remains a challenge for current cancer immunotherapies.
Among the myeloid receptors, paired immunoglobulin-like receptor B (PIR-B) is the sole mouse receptor ortholog of the human leukocyte immunoglobulin-like receptor B (LILRB) family (also known as ILT, LIR, and CD85) (4, 5) . In B cells, Pirb deficiency results in increased B cell receptor signaling and hyperactivity (6) . Pirb-deficient macrophages similarly have increased proinflammatory cytokine release and exacerbated autoimmune diseases (7) . PIR-B homeostatically suppresses immune activation by binding MHC-I in cis and trans (8, 9) . SHP1/2 phosphatases constitutively bind to the cytoplasmic domain of PIR-B and are hypothesized to be regulatory at steady state (10, 11) . Our previous study demonstrated that PIR-B is a key regulator for maintaining the M2-like phenotype of tumor-infiltrating myeloid-derived suppressor cells (MDSCs) (12) . TLR and IFN-γ signaling was magnified in Pirb-deficient MDSCs, while IL-4/IL-13 and IL-10 were suppressed. Mice with Pirb deficiency had reduced tumor burdens, enhanced antitumor responses, decreased Treg activation, and an infiltrating macrophage profile that resembled M1-like classical activation (12) . Human LILRBs, like mouse PIR-B, bear immunoreceptor tyrosine-based inhibitory motifs that can attenTumor-associated myeloid cells maintain immunosuppressive microenvironments within tumors. Identification of myeloidspecific receptors to modulate tumor-associated macrophage and myeloid-derived suppressor cell (MDSC) functions remains challenging. The leukocyte immunoglobulin-like receptor B (LILRB) family members are negative regulators of myeloid cell activation. We investigated how LILRB targeting could modulate tumor-associated myeloid cell function. LILRB2 antagonism inhibited receptor-mediated activation of SHP1/2 and enhanced proinflammatory responses. LILRB2 antagonism also inhibited AKT and STAT6 activation in the presence of M-CSF and IL-4. Transcriptome analysis revealed that LILRB2 antagonism altered genes involved in cell cytoskeleton remodeling, lipid/cholesterol metabolism, and endosomal sorting pathways, as well as changed differentiation gene networks associated with inflammatory myeloid cells as opposed to their alternatively activated phenotype. LILRB2 blockade effectively suppressed granulocytic MDSC and Treg infiltration and significantly promoted in vivo antitumor effects of T cell immune checkpoint inhibitors. Furthermore, LILRB2 blockade polarized tumor-infiltrating myeloid cells from non-small cell lung carcinoma tumor tissues toward an inflammatory phenotype. Our studies suggest that LILRB2 can potentially act as a myeloid immune checkpoint by reprogramming tumorassociated myeloid cells and provoking antitumor immunity.
Blocking immunoinhibitory receptor LILRB2 reprograms tumor-associated myeloid cells and promotes antitumor immunity cence of LILRB2 on human macrophages, we developed anti-LIL-RB2 antibodies by immunizing mice with a Lilrb2 cDNA-encoding plasmid followed by boosting with LILRB2 vesicles or proteins. We screened hybridoma supernatants for LILRB binding by flow cytometry followed by peripheral blood mononuclear cell-based (PBMC-based) functional assays to assess whether clones could amplify monocyte activation. Several antibody clones could enhance CD86 and TNF-α levels in the presence of lipopolysaccharide (LPS) across multiple PBMC donors ( Figure 1, A and B) . Because members of the LILRB family share a high degree of homology, we tested for potential cross-reactivity by generating cell lines stably transduced with each receptor's extracellular domain (Supplemental Figure 1A ; supplemental material available online with this article; https://doi.org/10.1172/JCI97570DS1). Cross-reactivity to LILRA1 was included since this receptor shares about 80% homology with the LILRB2 extracellular domain. FACS staining demonstrated that LILRB2 antibodies did not cross-react with related family members ( Figure 1C ). Staining of PBMCs was also restricted to the CD33 + myeloid subset, specifically staining CD14 + CD16
hi and CD14 + CD16 lo monocyte populations (Supplemental Figure 1B ). We identified LILRB2-specific antibodies that enhanced monocyte inflammatory potential in response to a low dose of LPS stimulus. We then determined the binding affinity of anti-LILRB2 against a THP1 human monocytic cell line that stably expresses the LILRB2 receptor ( Figure 1D ). Biolayer interferometry is an optical technique that measures changes in molecule interactions on an immobilized probe. Using this approach, we measured the association and dissociation of immobilized anti-LILRB2 with LILRB2-His monomers at titrated concentrations ( Figure 1E ). Dissociation of the complex was minimal at all LILRB2-His concentrations tested, and affinities were calculated in the range of 1.8-3.8 nM and were approximately 1,000-fold stronger than endogenous HLA ligand binding (K D = ~14-45 μM; ref. 22) .
LILRB2 antagonism alters M-CSF-dependent maturation of macrophages. Because LILRB2 antagonists amplified monocyte activation in response to LPS, we investigated how LILRB2 blockade affects macrophage maturation. Studies in human monocyte-derived macrophages have demonstrated different maturation phenotypes resulting from inflammatory cues (27, 28) . We generated immature macrophages M(-) by treating CD33 + monocytes from PBMCs of healthy donors with M-CSF for 5-7 days. While macrophages cultured in the presence of control Ig appeared elongated and loosely adherent, monocytes cultured in the presence of anti-LILRB2 appeared rounder and tightly adherent ( Figure 2A ). Others have reported the positive effect of M-CSF and IL-10 on the spindle-like morphology and function of M-CSFderived human macrophages in vitro (29, 30) . These observations suggest that LILRB2 antagonism may be interfering with typical M-CSF-dependent maturation. We observed that both CD14 and CD163 expression were diminished in response to anti-LILRB2 across all human donors tested ( Figure 2 , B and C). CD14 has been shown to be upregulated by M-CSF (27) and CD163 and is a scavenger receptor whose cell surface expression is correlated with antiinflammatory responses and is an indicator of poor prognosis in a variety of cancers (31, 32) . CD163 was also enhanced in the presence of M-CSF, IL-6, and IL-10, and in response to glucocorticoids (33) . To determine whether macrophages display a differuate signaling cascades generated from the cross-link-dependent activation of receptors bearing immunoreceptor tyrosine-based activating motifs (13) . However, less is known about how LILRBs regulate human myeloid cells and macrophage activation, largely because of a lack of conservation between humans and mice, with multiple LILRB family members in humans instead of one PIR-B.
Expression of Lilrb1-Lilrb5 is enriched in myeloid cell populations and appears to be primate-specific (14) (15) (16) . LILRB3 and LILRB4 are orphan receptors (17, 18) , and LILRB5 reportedly binds β 2 -microglobulin-free heavy chains of HLA-B27 (19) . LIL-RB1 and LILRB2 are the best-characterized receptors, as both bind to classical and nonclassical HLA class I (17, 20) with a low binding affinity (K D = ~14-45 μM for LILRB2) as well as to members of the angiopoietin-like protein family (21, 22) . Furthermore, LILRB1 and LILRB2 may compete with CD8 for HLA-I binding to potentially modulate CD8 + T cell responses (22) . Activation of LILRB2 by viral expression of an HLA-B variant can promote myeloid cell tolerance and downregulate maturation and costimulatory molecule expression of dendritic cells (DCs) (23) . Several studies have shown that HLA-G-LILRB1/2 engagement increases IL-4 and IL-13, suppresses proinflammatory cytokine release, and promotes secretion of IL-10 and TGF-β regulatory cytokines (24) . Lower levels of LILRB expression on DCs are correlated with enhanced antigen-presenting cell function (25) . LILRB2 agonism has been shown to block DC Ca 2+ flux (17) and plays a crucial role in the tolerization of DCs (26) . Therefore, we hypothesized that targeting LILRB2 by antagonizing cell surface receptor-mediated activation may potentially alter the function of myeloid cells with immunosuppressive activities, i.e., MDSCs or tumor-associated macrophages (TAMs), toward a classically activated inflammatory macrophage phenotype.
The present study was designed to investigate whether LILRB2 is a valid and sufficient target for modulating myeloid cell functions. We generated LILRB2-specific monoclonal antibodies and found that a subset of LILRB2 antagonism altered AKT-dependent maturation of macrophages in response to macrophage colony-stimulating factor (M-CSF), and enhanced NF-κB and STAT1 activation in response to LPS/IFN-γ stimuli. LILRB2 antagonism also rendered macrophages resistant to humoral cytokine-dependent STAT6 activation by IL-4, relieved the suppressive effect of macrophages on T cell proliferation, and reprogrammed human macrophages from A549 lung tumor models and primary human non-small cell lung carcinoma. Furthermore, LILRB2 blockade changed the tumor microenvironment and promoted antitumor immunity when used in conjunction with anti-PD-L1.
Our findings suggest that human LILRB2 is a critical homeostatic surface regulator for myeloid cell maturation with great therapeutic value as a promising myeloid immune checkpoint target specifically aimed at myeloid cell functional determination. Blockade of LILRB2 can be used to reprogram TAMs to improve the therapeutic outcome of cancer immune therapies through modulation of the tumor microenvironment.
Results
A subset of LILRB2 antibodies enhance activation of human monocytes. In order to investigate the biological significance of the pres- of PD-L1, consistent with literature reporting PD-L1 upregulation in response to TLR agonists (39) . Surprisingly, we found that anti-LILRB2-treated M(LPS) significantly inhibited the induced expression of PD-L1 (Figure 2 , F and G). PD-L1 expression on M(IL-4) was negligible. These data suggest that LILRB2 antagonism may help prevent PD-L1-dependent suppression of effector T cells in inflammatory environments. We next investigated how anti-LILRB2 could affect macrophage maturation in response to the humoral cytokine IL-4. We focused on macrophage DC-SIGN (CD209), since its expression is in part IL-4-dependent (32) , and it has been reported to be a well-accepted marker of M(IL-4) macrophage maturation and immune tolerance (27, 40) . We found that DC-SIGN was induced at low levels in M-CSF-derived M(-) and M(LPS), as has been previously reported in regulatory settings (41) . In response to IL-4 stimulation, M(IL-4) express high levels of DC-SIGN. M(IL-4) matured in the presence of anti-LILRB2 and showed significantly less induction of DC-SIGN expression, and basal expression of DC-SIGN was found in M(LPS) (Figure 2 , H and I). Collectively, the results from in vitro macrophage culture supported that LILRB2 antagonism sensitizes maturation in favor of classically activated phenotype. LILRB2 antagonism favors activation of NF-κB/STAT1 and inhibition of STAT6 activation by IL-4. Groups describing macrophage maturation as M1-like (classically activated) versus M2-like (alternatively activated) largely characterize inflammatory phenotypes associated with NF-κB/STAT1 activation and STAT6 activation, respectively (3). We, therefore, assessed whether signaling patential response to LPS stimulation as was shown for monocytes, we stimulated immature macrophages overnight with LPS and measured TNF-α and IL-10 cytokine levels ( Figure 2D ). We consistently observed increased TNF-α and inhibited IL-10 secretion across multiple donors. No detectable TNF-α could be observed in macrophage cultures before LPS stimulation (data not shown), demonstrating that the increase of TNF-α was specific to antibody functional activity.
IRF5 is induced by type I IFN and promotes inflammatory macrophage polarization (34) , which is inhibited by IRF4. IRF4 is associated with alternative macrophage maturation, is induced by IL-4, and negatively regulates TLR signaling and proinflammatory cytokines (35, 36) . IRF3 is activated by TLR signaling and induces type I IFN/STAT1 signaling cascades (37), whereas IRF7 is reported to participate in the inflammatory microglial polarization switch (38) . We observed that anti-LILRB2 upregulated IRF3, IRF5, and IRF7 but downregulated IRF4 during differentiation of immature macrophages ( Figure 2E ), indicating that anti-LILRB2 potentially favors classical and inflammatory macrophage polarization. To rule out any contaminating endotoxin in LILRB antibody purification, we ensured that all endotoxin levels were less than 0.005 EU/μg in all antibody batches.
To explore the effect of anti-LILRB2 on macrophage maturation pathways, we generated mature macrophages from M-CSFcultured M(-) followed by 24- nificant changes in SOCS1 expression ( Figure 3D ). In addition to inflammatory cytokines, M-CSF drives proliferation and survival of macrophages that depends on PI3K/AKT activation (42, 43) , and knockout models suggest important roles of AKT in determining maturation phenotype (44) . We consistently observed diminished levels of AKT activation in anti-LILRB2-treated macrophages despite the presence of exogenous M-CSF ( Figure 3E ). Collectively, our data suggest that LILRB2 blockade increased sensitivity to inflammatory signaling cascades by inhibiting PI3K/ AKT pathways downstream of M-CSF.
terns were regulated by LILRB2 antagonism. In response to LPS stimulation, anti-LILRB2-treated cells demonstrated increased NF-κB, ERK1/2, and p38 activation ( Figure 3A) . We found similar increases in NF-κB, ERK1/2, and p38 phosphorylation as well as STAT1 phosphorylation in response to IFN-γ ( Figure 3B ). Because of reduced macrophage DC-SIGN expression in the presence of LILRB2 antagonism, we also determined whether IL-4-associated signaling was inhibited. In response to IL-4 treatment, anti-LIL-RB2-treated cells showed strong inhibition of STAT6 phosphorylation ( Figure 3C ), accompanied by increased SOCS3 with no sig- (I) Pooled paired MFI data from H collected from healthy donors (n = 11) over multiple experiments. P value was calculated using 2-tailed paired t test. *P < 0.05, **P < 0.005, ****P < 0.0001. (16) . Coimmunoprecipitation experiments demonstrated that LILRB2-associated SHP1 phosphorylation was diminished in anti-LILRB2-treated macrophages ( Figure 3F ). Thus, disruption of SHP1 activation Total PBMCs were incubated with anti-LILRB2 (5 μg/ml) or IgG overnight followed by anti-PD-1 treatment (1 μg/ml) in the presence of OKT3 stimulation (0.01 μg/ml) for 3 days. Supernatants were harvested for IFN-γ detection by ELISA. Data are from a representative experiment of 3 independent experiments and are presented as mean ± SEM, and P values were calculated using 1-way ANOVA followed by Tukey's multiple-comparisons test; *P < 0.05, **P < 0.01. jci.org
Volume 128 ) and is shown in the bar graph (n = 3-6 mice per group), using 1-way ANOVA followed by Tukey's multiple comparisons test. (F) ELISA analysis of serum TNF-α levels from CpG-challenged mice is shown (n = 5) *P < 0. phage maturation that include immune, as well as metabolic, sorting, and cytoskeletal changes. LILRB2 blockade can alter tumor cell-induced macrophage maturation and promote antitumor immunity. We determined whether LILRB2 blockade could alter the macrophage phenotype in the presence of tumor-derived factors and the tumor microenvironment. Some tumor cells are sufficient to promote the autocrine production of M-CSF by monocytes in a process dependent on tumor cell-derived IL-6 (52). We hypothesized that coculture of tumor cells with human monocytes would be sufficient to generate macrophages. Gating on CD33 + CD14 + cells, we reproduced the finding that A549 non-small cell lung carcinoma (NSCLC) cells were sufficient to generate macrophages whose profile resembled macrophages derived from M-CSF cultures ( Figure 5A ). We further observed that A549-derived macrophages cultured in the presence of LILRB2 antagonist had decreased levels of CD14, CD163, CD16, and DC-SIGN (
Figure 5B), consistent with our observations on M-CSF primary macrophage cultures (Figure 2 ). The impact of LILRB2 antagonist on Hs578T breast cancer cell-derived macrophages was similar to its impact on A549 NSCLC cells (Supplemental Figure  5 , A and B). We next assessed whether A549 cells could generate primary human macrophages when coinjected s.c. in immunodeficient NSG-SGM3 mice and whether LILRB2 blockade could similarly reprogram macrophages in vivo (Supplemental Figure 6 ). FACS gating on human CD45 + CD33 + cells identified human myeloid cells from tumor single-cell suspensions (Figure 5C ). FACS analysis of immune markers showed that specific reductions in CD163 were reproducibly detected in 4 of 5 total donors (Supplemental Figure 6B) . Furthermore, changes in other markers, including CD14, CD16, and PD-L1, were variable across donors in response to anti-LILRB2. Figure 5D shows representative data from 1 donor, while combined data from all 5 donors for CD14, HLA-DR, and CD16 are presented in Supplemental Figure 6D . CD14 and CD16 were significantly downregulated while HLA-DR was upregulated following anti-LILRB2 treatment across multiple mice and multiple human monocyte donors using paired comparative analysis (Supplemental Figure  6D) . HLA-A2-matched humanized NCG mice were used for in vivo experiments in order to trace long-term antitumor responses by LILRB2 blockade together with anti-PD-1 treatment, using an A549 (HLA-A2 + ) xenograft model with luciferase-expressing A549 (LUC-A549) cells. The results showed that the anti-LILRB2 and anti-PD-1 combination substantially decreased LUC-A549 tumor burden ( Figure 5E ). To assess the promotion of M1 phenotypes of human macrophages by anti-LILRB2 in vivo, we generated a humanized mouse model using human CD34
+ cord blood stem cell-engrafted MISTRG mice to study in vivo responses of human macrophages. MISTRG mice support xenogenic human hematopoietic development due to humanized knock-in alleles (M-CSF h , IL-3/GM-CSF h , and TPO h ) important for innate immune cell development that enable the full recapitulation of human myeloid development and function in the mouse. Similar human CD33 + cell engraftment rates were observed between experimental groups (Supplemental Figure 6C) . The humanized mice were treated with CpG, and TNF-α concentration in serum was measured. Interestingly, approximately 2-fold higher human served DEGs indicate that LILRB2 antagonist-specific gene alterations are independent of cytokine-induced maturation. Genes regulating immune function, lipid/cholesterol homeostasis, and cytoskeletal homeostasis were most prominent. In both M(LPS) and M(IL-4), LILRB2 blockade upregulated LILRA3 transcript, a secreted LILR family member that may further compete with other LILR family members. Anti-LILRB2 increased Ccl22, FGR, and Trem2 transcription as well as M1-associated Sphk1 transcription but decreased Siglec1, PLC decoy messenger Plcl2, and complement protein C2 transcription as well as M2-associated Klf2 transcripts. Principal component analysis of M(LPS) and M(IL-4) in response to IgG or anti-LILRB2 suggests that LILRB2 blockade generates unique macrophage phenotypes that are dissimilar to each other ( Figure 4C ).
The finding that LILRB2 blockade has a more significant impact on M(IL-4) versus M(LPS) global transcription suggests that LILRB2 may be more important for maintaining immune homeostasis in the steady state or M2-like macrophages versus M1-like macrophages. We applied gene ontology analysis using the GOrilla platform (45, 46) to provide a functional interpretation of the raw data. M(LPS) DEGs were associated with G-coupled protein receptor signaling, transport, and other cellular processes. In M(IL-4), LILRB2 blockade significantly altered genes associated with immune function, as well as cell migration/motility, lipid metabolism, apoptosis/proliferation, and increased enzymatic remodeling/activity (Supplemental Figure 4, C and D) ; however, no clear association between LPS stimulation and immune function was noted (Supplemental Figure 4, A and B) . In response to anti-LILRB2, M(IL-4) genes associated with immune function were properly regulated ( Figure 4D) . Interestingly, CD83, Light, Ripk2, and Tweakr transcripts implicated in enhanced adaptive immunity and costimulation were upregulated. Consistent with previous reports (27, 47) , M1-associated genes were upregulated, including Pfkp, Sphk1, Slc31a2, Serpine1, Hsd11b, etc. (Supplemental Figure 4E ). Sphingosine kinase 1 (Sphk1) is associated with obese adipose tissue macrophages from high-fat diet and ob/ob mice (48) . Compared with M1-associated genes, more M2-associated genes were downregulated by anti-LILRB2, including Il13ra1, CD302, Fgl2, cathepsin C, CD163L1, Dc-sign (CD209), Maf, Ccl13, Ccl23, Stab1, and Tlr5 ( Figure 4D ). In M(IL-4), LILRB2 blockade suppressed MAF, an important regulator of the macrophage enhancer landscape and M2-associated gene expression (49) . Other M2-associated genes were also downregulated, including Klf2/Klf4, Tgfbr2, Ms4a6a, Alox15, etc. (Supplemental Figure  4E) . The biological role of these molecules in M1/M2 differentiation remains to be elucidated. Notably, in addition to increased Lilra3 levels, M(IL-4) treated with anti-LILRB2 showed significant inhibition of Lilrb5 and Angptl4 transcript. Chemokine transcript levels were also strongly inhibited, e.g., Ccl8, Ccl26, Ccl13, Ccl14, Ccl15, and Ccl23. We also observed that LILRB2 blockade suppressed the LPS-induced dual-specificity protein tyrosine phosphatases Dusp10 (also known as MKP-5 or JNK and p38 pathwayassociated phosphatase) (50) and Dusp22 (also known as JSP-1 or JNK pathway-associated phosphatase) (51), which mediates negative feedback control of the inflammatory response.
In summary, our transcriptome-wide analyses demonstrated that LILRB2 blockade results in phenotypic changes in macro-jci.org Volume 128 Number 12 December 2018 markers CD163, DC-SIGN, and CD14 showed significantly diminished expression in response to LILRB2 blockade. Although a trend of decreased CD16 and PD-L1 expression was observed, it was not statistically significant ( Figure 7E ). These experiments were only 48 hours in duration and inclusive of total leukocyte populations found in the tumor. Nevertheless, our ex vivo data demonstrate that TAMs from patient biopsies express a wide range of LILRB family members and are responsive to LILRB2 antagonism.
Discussion
Our study demonstrates that antagonism of LILRB2 by specific monoclonal antibodies is sufficient to enhance inflammatory responses in monocytes and directly alters downstream macrophage maturation phenotypes. We observed constitutive activation of SHP1 downstream of LILRB2 that was abrogated upon LIL-RB2 blockade. M-CSF monocyte-derived macrophages matured in the presence of LILRB2 antagonism showed increased sensitivity to LPS and IFN-γ stimuli as indicated by enhanced STAT1, ERK, and NF-κB phosphorylation, but were resistant to IL-4 stimulation as shown by reduced STAT6 phosphorylation and DC-SIGN expression along with increased SOCS3. Interestingly, LILRB2 blockade itself augmented NF-κB and ERK1/2 phosphorylation and decreased AKT phosphorylation, implying that LIL-RB2 antagonism alone is sufficient to moderately drive M-CSF monocyte-derived macrophages toward an M1 lineage. Nevertheless, LILRB2 antagonism suppressed an M2-associated and IL-4-driven gene cluster while promoting those associated with an M1 phenotype. We proposed an LILRB2-mediated signal regulation model ( Figure 7F ) in which LILRB2 blockade can suppress SHP1/2 phosphorylation and lead to an M1 program through restored activation of ERK (53) and p38 by suppression of SHP1/DUSPmediated direct or indirect dephosphorylation (ERK at Y204 and p38 at Y182), leading to further activation of NF-κB. Consistent with literature (54), downregulation of SHP1/SHP2 recruitment/ activation led to removal of a suppressor of JAK/STAT1 signaling and thus enhanced the IFN-induced signaling cascade (55) . On the other hand, LILRB2 antagonism inhibited STAT6 phosphorylation by increasing SOCS3, which has been reported to suppress IL-4/STAT6 signaling (56) . The induction of SOCS3 could result from the anti-LILRB2-mediated release of proinflammatory cytokines (IL-6 and IL-12) through activation of MAPK/NF-κB cascades (57, 58) . Phosphorylation of AKT was significantly inhibited by LILRB2 blockade, which could be due to potential inhibition of (a) SOCS3 (59, 60) or (b) PI3Kγ or SHIP-1 -two molecules that have been identified as key regulators for the macrophage switch between immune stimulation and suppression (61, 62) . We have previously shown that adoptive transfer of Pirbdeficient MDSCs decreases tumor burden and lung metastases. Modulating macrophage function represents an attractive approach to cancer immunotherapy since a body of literature has shown that TAMs are often a major component of the tumor microenvironment that contributes to tumor immune evasion (2) . TAM-targeted therapeutics focusing on macrophage depletion highlight the clinical benefit in reducing tumor burden in mouse models (63) . However, CSF1R inhibitors can enhance circulating levels of protumor granulocytic MDSCs, while withdrawal of CCL2 neutralization treatment can accelerate monocyte rebound to tumors TNF-α levels were found in mice treated with anti-LILRB2 versus control Ig ( Figure 5F ). The effect of LILRB2 on phagocytosis in this humanized mouse model was tested using GFP-expressing E. coli. Anti-LILRB2 significantly increased the phagocytic activity of CD14 + CD16 − monocytes on GFP-expressing E. coli in comparison with the control Ig-treated group ( Figure 5G) .
Taken together, our data indicate that anti-LILRB2 can reprogram human macrophages in vivo to enhance antitumor responses in a xenograft human lung cancer model, a systemic response to CpG challenge and phagocytic activities of macrophages in humanized MISTRG mice. The overall results indicate that antagonistic LILRB2 antibody can modulate macrophage function to an M1-associated phenotype and further enhance proinflammatory responses in vivo.
LILRB2 blockade can enhance antitumor responses and decrease MDSC and Treg populations in syngeneic Lewis lung carcinoma-bearing mice.
Since LILRB2 is only expressed on human, not mouse, cells and exhibits very low homology to the mouse Pirb gene, our antibody did not cross-react in the mouse system. Therefore, we used BAC DNA injection to develop LILRB2-transgenic mice. These mice highly expressed LILRB2/3 on CD11b + cells in the peripheral blood ( Figure 6A ), and anti-LILRB2 treatment increased the CD86 + MHC-II + population ( Figure 6 , B and C) as well as TNF-α and IL-10 secretion in response to LPS stimulation in vitro ( Figure 6D ). We evaluated whether LILRB2 blockade alone or in combination with anti-PD-L1 treatment could inhibit tumor progression and modulate the tumor microenvironment in a Lewis lung carcinoma (LLC) model. PD-L1 blockade had no effect on tumor growth, while LILRB2 blockade showed moderate antitumor effect. Blockade of both PD-L1 and LILRB2 led to significantly reduced tumor size and weight in LLC tumor-bearing mice ( Figure 6E) . Furthermore, the combination of anti-LILRB2 and anti-PD-L1 significantly decreased the granulocytic Ly6G Primary TAMs respond to LILRB2 blockade ex vivo. We next determined whether LILRB2 blockade could reprogram isolated primary tumor-associated macrophages (TAMs) ex vivo. Single-cell suspensions of collagenase-digested tumor tissues were used to isolate tumor-infiltrating leukocytes. By gating on DAPI-negative live cells and human CD45, we could identify infiltrating TAMs and MDSCs based on CD33, CD14, and HLA-DR gating ( Figure 7A ). Staining for LILRB family members revealed variable but ubiquitous expression of LILRB1, LILRB2, LILRB3, and LILRB4 among MDSC and TAM populations ( Figure 7 , B and C), while DCs isolated from cancer patients' tumor tissues or derived from healthy donor PBMCs expressed LILRB2 (Supplemental Figure 8, A and  B) . To investigate whether tumor-infiltrating myeloid populations could respond to LILRB2 blockade, we stimulated tumor-infiltrating leukocytes ex vivo for 48 hours with M-CSF in the presence or absence of IFN-γ or anti-LILRB2. Monocytes from most patients showed enhanced TNF-α release with the treatment of anti-LILRB2 ( Figure 7D and Supplemental Figure 7) . Analyses of the cell surface jci.org Volume 128 Number 12 December 2018 TAMs in the tumor microenvironment, thereby enhancing adaptive antitumor immunity.
Methods
Animals. NSG-SGM3 (stock 013062) and MISTRG mice (stock 017712) were purchased from The Jackson Laboratory. NCG mice (stock 572) were purchased from Charles River Laboratories. All animal experiments were conducted in accordance with the animal guidelines of the Icahn School of Medicine at Mount Sinai and the Houston Methodist Research Institute. Cell lines. 2B4 reporter cells expressing Lilrb1-Lilrb4 and Lilra1 were generated by transfection with plasmids carrying corresponding Lilr-Fc fusion genes followed by selection by genome selection/marker-assisted selection (GS/MAS) systems and maintained in DMEM (Corning Cellgro) containing 10% FBS (Atlantic Biologicals) plus 100 nM penicillin/streptomycin (Life Technologies). THP1 cells, a promonocytic cell line, were cultured in RPMI 1640 (Corning Cellgro) supplemented with 10% FBS, 0.1 mM nonessential amino acids (Gibco), 1 mM sodium pyruvate. THP1 and human alveolar adenocarcinoma A549 cell lines were purchased from the American Type Culture Collection. LILRB2
+ THP-1 cells were generated by retroviral transfection with full-length LILRB2 plasmid.
Flow cytometric analysis and generation of anti-LILRB2 hybridoma. Commercial anti-LILRB2 antibodies, clone 42D1 and clone 287219, were purchased from BioLegend and eBioscience, respectively. Anti-LILRB1 (clone GHI/75), anti-LILRB3 (clone MKT5.1), and anti-LILRB4 (clone ZM4.1) antibodies were from BioLegend. Anti-LIL-RA1 (clone 586326) antibody was from Novus Biologicals. Human anti-CD4-FITC (clone RPA-T4), anti-CD8-PE (clone HIT8a), anti-CD16-FITC (clone CB16), anti-DC-SIGN-PE (clone eB-h209), anti-CD163-APC (clone GHI/61), anti-PD-L1-PerCP-Cy5.5 (clone MIH1), anti-CD33-PE-Cy7 (clone WM-53), anti-CD14-APC-Cy7 (clone 61D3), anti-CD45-PE (clone 2D1), and anti-HLA-DR-FITC (clone LN3) were purchased from eBioscience or BioLegend. Mouse anti-CD11b-PerCP (clone M1/70), anti-CD8a-eFluor 780 (clone 53-6.7), anti-CD4-FoxP3 (clone FJK-16S), anti-CD4-FITC (clone GK1.5), anti-CD25-PE-Cy7 (clone PC61.5), anti-MHC-II-PE-Cy7 (clone M5/114.15.2), anti-Ly6G-APC-Cy7 (clone 1A8), and anti-CD25-PE-Cy7 (clone PC61.5) were purchased from eBioscience or BioLegend. Anti-Ly6C-FITC (clone AL-21) and anti-mouse arginase 1-APC (clone IC5868F) were purchased from BD Biosciences and R&D Systems, respectively.
We generated anti-LILRB2 antibodies by immunizing with Lilrb2 DNA followed by boosting once with LILRB2 vesicle or protein.
Outgrowing fused hybridoma clones were expanded in vitro, and supernatants were screened using FACS on 2B4 LILRB2-expressing cells labeled with goat polyclonal anti-mouse IgG secondary antibody (BioLegend). The 2B4 cells were provided by Hisashi Arase (Research Institute for Microbial Diseases, Osaka University).
For functional screening of anti-LILRB2 antibodies, PBMCs were incubated with 20 μl of antibody-containing supernatants for 48 hours. LPS (50 ng/ml; Sigma-Aldrich) and GolgiPlug (BD Biosciences) were added for the last 4 hours of cell culture. The cells were harvested for surface CD86 (anti-CD86-Alexa Fluor 488, clone IT2.2, BioLegend) and intracellular TNF-α (anti-TNF-α-PE-Cy7, clone MAB11, BioLegend) per the manufacturer's instructions (GolgiPlug Kit, BD Biosciences). In flow cytometric analyses, dead cells were excluded by DAPI (Sigma-Aldrich) staining. (64, 65) . Consequently, enhanced metastases and worse outcome are observed in several mouse models of breast cancer upon treatment cessation. TAMs and M2-like macrophages appear to share functional similarities (66) . Immunotherapies that reprogram TAMs to support adaptive antitumor immunity offer an alternative strategy that avoids the potential pitfalls associated with TAM depletion (67) . LILRB2 blockade appeared to alter the tumor-dependent maturation of macrophages similarly to what was observed with monocyte-derived macrophage cultures. Furthermore, we demonstrated enhanced acute TNF-α release and increased phagocytic capabilities in response to LILRB2 antibody treatment in xenograft humanized mice. Patient biopsies from NSCLC showed significant infiltration of MDSC and TAM populations. These primary MDSCs/ TAMs expressed high levels of LILRB proteins and were capable of undergoing the macrophage phenotype switch in the presence of LILRB2 blockade in ex vivo studies. LILRB2 appeared to be a critical negative regulator in both primary monocyte-derived macrophages and TAM populations harvested from pati ents. We also observed that anti-LILRB2 significantly decreased Ly6G + Ly6C int granulocytic MDSCs in both spleen and tumor tissues in an immune-competent syngeneic LILRB-transgenic mouse model.
Most importantly, LILRB2 antagonism substantially enhanced the efficacy of an immune checkpoint inhibitor, anti-PD-1, in a PBMC humanized NCG mouse model bearing human lung cancer cells, A549 ( Figure 5E ). We further confirmed the effect of LIL-RB2 blockade in an immunocompetent syngeneic Lilrb2/3 BAC transgenic mouse model ( Figure 6E ). It is important to note that anti-PD-L1 treatment alone showed a limited antitumor effect in LLC tumor-bearing immune-competent mice (68, 69) . We found that LILRB2 antagonism suppressed LPS-induced CD274 (PD-L1) expression in activated monocytes from healthy donors (Figure 2) and that blockade of both LILRB2 and PD-L1 potentiated a strong host antitumor immunity against LLC tumors in LILRB2-transgenic mice. Concomitantly, we observed decreases in granulocytic MDSCs and Tregs in tumor-bearing mice treated with anti-LILRB2 and anti-PD-L1. The unexpected increase in monocytic MDSCs did not compromise the efficacy of anti-PD-L1, suggesting that LILRB2 antagonism converted monocytic MDSCs into a nonsuppressive and immunostimulatory phenotype, similar to that of Pirb-deficient MDSCs (12) and macrophages in the presence of LILRB2 blockade ( Figure 5 ).
Several pathways have been shown to be involved in M2 polarization, including mTOR/semaphorin 6D (Sema6D)/peroxisome proliferator receptor γ (PPARγ) (70), PI3Kγ/mTOR (62) , and TSC/mTOR pathways (71, 72) . Targeting these pathways can potentially provide high therapeutic value in immune oncology. Our transcriptome data indicated that LILRB2 blockade markedly downregulated multiple gene targets involved in M2-like maturation, while genes associated with enhanced adaptive immunity and costimulation were upregulated. Our study highlighted that antagonism of LILRB2 inhibited both AKT activation and IL-4 signaling, which may interfere with Sema6D/PI3Kγ/mTOR signaling pathways. This suggests that antagonism of LILRB2 may have broader impacts on reversing the immunosuppressive function of TAMs to enhance the efficacy of immune checkpoint inhibitors. Our data provide strong evidence that LILRB2 antagonism could be a promising approach for reprogramming Western blot and coimmunoprecipitation. LILRB2-transduced THP1 cells were treated with 1 μg/ml IgG or anti-LILRB2 for 24 hours followed by acute stimulation with 50 ng/ml LPS, 20 ng/ml IFN-γ, or 20 ng/ml IL-4 for 5, 10, and 30 minutes. The cells were lysed using cell lysis reagent (Sigma-Aldrich). Protein samples were separated on 8% SDS-polyacrylamide gels and transferred to PVDF membranes. The membranes were blocked in 4% skim milk solution, incubated with an appropriate antibody, and subsequently incubated with a secondBiolayer interferometry binding assay. Real-time binding assays between LILRB2-His (Sino Biologicals) and anti-LILRB2 antibodies were performed using biolayer interferometry on an Octet Red system (FortéBio). This system monitors interference of light reflected from the surface of a fiber optic sensor to measure the thickness of molecules bound to the sensor surface. Anti-LILRB2 antibody (10 μg/ml) was coupled to kinetics-grade protein G/mouse IgG high-binding biosensors (FortéBio). Sensors coated with anti-LIL-RB2 antibody were allowed to bind to LILRB2-His in PBS with 0.1% (vol/vol) Tween-20 and 10% DMSO at increasing concentrations. Binding kinetics were calculated using the Octet Red software package, which determined the best fit for the observed binding curves and calculated the association rate constants. LILRB2-His was dissociated by incubation of the sensors in PBS with 0.1% Tween-20 and 10% DMSO. Best-fit dissociation curves were determined, and the dissociation rate constants were calculated. Binding affinities (K D ) were calculated as the kinetic dissociation rate constant divided by the kinetic association rate constant.
Antibody purification and endotoxin test. Clonal hybridoma cells were cultured in ClonaCell-HY Medium A (STEMCELL Technologies) followed by adaptation to serum-free conditions using Hybridoma-SFM medium (Thermo Fisher Scientific). Hybridoma cells were expanded in 50 ml of Hybridoma-SFM for 2 weeks or until medium was exhausted. Antibody-containing supernatant was harvested by centrifugation (800 g, 10 minutes) and concentrated using Amicon Ultra-15 centrifugal filter concentrators with a nominal molecular weight limit of 100 kDa. Concentrated supernatants were then purified using Nab Protein A/G Spin Kit (Thermo Fisher Scientific) according to the manufacturer's instructions. Purified antibody was desalted using Zeba Spin Desalting Columns, 7K MWCO (Thermo Fisher Scientific). Purified antibodies were further concentrated by centrifugal filter (Thermo Fisher Scientific) if needed. Endotoxin levels in purified antibodies were determined by Pierce LAL Chromogenic Endotoxin Quantitation Kit (Thermo Fisher Scientific) according to the manufacturer's protocol.
Generation and differentiation of human monocyte-derived macrophages. Buffy coats from healthy donors were purchased from the New York Blood Center. PBMCs were isolated using LymphoPrep medium (07851, STEMCELL Technologies). CD33 + monocytes were purified from healthy PBMC donors using CD33 + magnetic beads (catalog 130-045-501, Miltenyi Biotec) and treated with IgG or anti-LILRB2 (1 μg/ml) in the presence of M-CSF (50 ng/ml) (300-25, PeproTech) for 5 days. After 5-day culture, immature macrophages were obtained for flow analysis or further stimulated with LPS (50 ng/ml) or IL-4 (25 ng/ml) for 16-24 hours. The supernatants were collected, and TNF-α and IL-10 production was determined by ELISA (eBioscience . TILs (100,000 to 200,000) were cultured with 50 ng/ml M-CSF (PeproTech) in the presence or absence of 50 ng/ml IFN-γ (PeproTech), LPS (SigmaAldrich), and IgG or anti-LILRB2 at 1 μg/ml for 2 days. Cells and supernatants were subjected to flow cytometric analysis and TNF-α/IL-10 production by ELISA, respectively. Statistics. All data are presented as the means ± SD. Data were compared using 2-tailed Student's t test or 1-way ANOVA followed by Tukey's multiple-comparisons test. Paired t test was used to compare results from the same treatments from different healthy donors or cancer patients. All analyses were conducted using Prism (GraphPad Software) and SPSS (IBM). Data were considered statistically significant at a P value less than 0.05. ary antibody conjugated to horseradish peroxidase. The antibodies for p-STAT1, p-ERK1/2, p-p38, p-NF-κB p65, p-STAT6, SOCS1, SOCS3, p-AKT, SHP1, and p-SHP1 were purchased from Cell Signaling Technology, and the antibody for actin was purchased from Santa Cruz Biotechnology. The immunoreactive bands were visualized with the ECL system (Thermo Fisher Scientific). For immunoprecipitation, LILRB2 + THP1 cells were treated with IgG or anti-LILRB2 for 24 hours and 0.1 mM Na 3 VO 4 (Sigma-Aldrich) for the last hour. The cells were lysed using cell lysis buffer including 1 mM Na 3 VO 4 and 25 mM α-glycerophosphate. Dynabeads Protein G (Life Technologies) was used for pull-down. The pull-down samples were subjected to immunoblot assay and probed by anti-LILRB2, anti-SHP1, and anti-p-SHP1.
Human mixed lymphocyte reaction assay. Mature DCs for use as stimulator cells were generated by culturing of sorted CD14 + monocytes in the presence of human GM-CSF (50 ng/ml; PeproTech) for 5 days followed by LPS stimulation. IgG-or anti-LILRB2-treated mature macrophages were generated as previously described. Allogeneic T cells as responder cells were purified from unrelated healthy donors and cocultured with mature DCs and titrated ratios of macrophages for 72 hours (Supplemental Figure 2A) . No antibody was present in the culture for the duration of the mixed lymphocyte reaction (MLR). Cells and supernatants from MLRs were analyzed for CD4 + and CD8 + T cell number by FACS and IFN-γ secretion by ELISA. Transcriptome analysis. IgG-or anti-LILRB2-treated monocytederived macrophages from 3 healthy donors were subjected to microarray analysis. RNA was hybridized to Human HT-12 v4 Expression BeadChips (Illumina), and Illumina HiScan was used for scanning. Raw intensity data were processed using GenomeStudio (version 2011.1) Gene Expression Module (version 1.9.0; Illumina) and further processed using the lumi R package from Bioconductor. The data were adjusted for background signal before export from BeadStudio (Illumina) and underwent VST transformation and quantile normalization. Probes with no expression were removed. Differential gene expression analysis was performed using the limma R package, and significantly differentially expressed genes were identified based on a fold change of ≥1.5 and a P value less than 0.05 with Benjamini-Hochberg FDR correction. Heatmaps of differentially expressed genes were created using the plots R package, and unsupervised hierarchical clustering was performed based on Euclidean distance. Expression values were Z score-normalized, and high and low expression is shown as red and green, respectively, with intermediate expression as white. Principal component analysis was performed using the prcomp function in R. The accession number for the microarray data is GSE117340 (Gene Expression Omnibus database)
Reverse transcriptase PCR. Reverse transcriptase PCR (RT-PCR) was performed on total RNA prepared by the TRIzol Reagent method. Two micrograms of RNA was used for cDNA synthesis using M-MLV reverse transcriptase (Promega) and oligo(dT) 18 (Thermo Fisher Scientific). Indicated below are the sequences of 5′ and 3′ primers used for each of the tested genes: IRF3: forward 5′-AGGTCCACAGTAT-TCTCCAGG-3′, reverse 5′-AGGTCCACAGTATTCTCCAGG 3′; IRF4: forward 5′-GCTGATCGACCAGATCGACAG 3′, reverse 5′-CGGTTG-TAGTCCTGCTTGC 3′; IRF5: forward 5′-GGGCTTCAATGGGT-CAACG 3′, reverse 5′-GCCTTCGGTGTATTTCCCTG 3′; IRF7: forward 5′-CCCAGCAGGTAGCATTCCC 3′, reverse 5′-GCAG-CAGTTCCTCCGTGTAG 3′.
Isolation of infiltrating leukocytes from human lung cancer tissue. Eleven fresh lung cancer samples, including NSCLC and mesotheli-
